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Abstract

Regulatory T (Treg) cells require Foxp3 expression and induction of a specific DNA hypomethylation signature
during development, after which Treg cells persist as a self-renewing population that regulates immune system
activation. Whether maintenance DNA methylation is required for Treg cell lineage development and stability
and how methylation patterns are maintained during lineage self-renewal remain unclear. Here, we demonstrate
that the epigenetic regulator Uhrf1 is essential for maintenance of methyl-DNA marks that stabilize Treg cellular
identity by repressing effector T cell transcriptional programs. Constitutive and induced deficiency of Uhrf1 within
Foxp3* cells resulted in global yet non-uniform loss of DNA methylation, derepression of inflammatory
transcriptional programs, destabilization of the Treg cell lineage, and spontaneous inflammation. These findings
support a paradigm in which maintenance DNA methylation is required in distinct regions of the Treg cell genome

for both lineage establishment and stability of identity and suppressive function.

Brief Summary

Maintenance DNA methylation at inflammatory gene loci is necessary to stabilize regulatory T cell identity and

suppressive function during both development and lineage self-renewal.
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Introduction

CD4*Foxp3* regulatory T (Treg) cells prevent catastrophic inflammation by suppressing immune system
activation and promoting self-tolerance (1-3). The Foxp3 transcription factor serves as the Treg cell lineage-
specifying marker, and Treg cells require constitutive Foxp3 expression to maintain their identity and suppressive
function. Mice lacking Treg cells owing to a mutation in the Foxp3 gene exhibit the scurfy phenotype, succumbing
to multi-organ lymphoproliferative inflammation approximately 4 weeks after birth (4, 5). Humans with FOXP3
mutations develop similar endocrine and enteral inflammation as part of the immunodysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome (6). Treg cell dysfunction contributes to the
pathogenesis of numerous autoimmune conditions, including systemic lupus erythematosus (7-11) and systemic
sclerosis (12). In contrast, modern cancer immunotherapy blocks Treg cell suppressive function to dis-inhibit
effector T cell-mediated killing of malignant cells (13-15). Thus, mechanisms involved with both development
and stability of the Treg cell lineage represent targets for therapies aimed at amelioration of autoimmune and

malignant diseases (3, 16).

Treg cells develop from CD4-single-positive auto-reactive thymocytes that receive signals via CD28/Lck, the IL-
2-CD25-Stat5 axis, and T cell receptor engagement by MHC-self-peptide complexes (17). These events induce
Foxp3 expression and independently establish a Treg cell-specific cytosine-phospho-guanine (CpG)
hypomethylation pattern at certain genomic loci, including the Foxp3 locus and other loci whose gene products
are important for Treg cell lineage identity and suppressive function (18-20). Consistent with the Treg cell
requirement for CpG hypomethylation, pharmacologic inhibition of DNA methyltransferase activity is sufficient to
induce Foxp3 expression in mature conventional CD4* T cells and to potentiate Treg cell suppressive function
in multiple models of inflammation (21-24). In contrast, conditional constitutive genetic deletion of the DNA
methyltransferase Dnmt1 but not Dnmt3a in developing Treg cells diminishes their numbers and suppressive
function (25). Treg cell-specific Dnmt1 deficiency decreases global methyl-CpG content while maintaining the
Treg cell-specific CpG hypomethylation pattern at Foxp3. In the periphery and in vitro, TGF-f induces Foxp3
expression in naive CD4"* T cells to generate induced Treg (iTreg) cells, although these cells lack the stabilizing
DNA hypomethylation landscape that defines thymus-derived (natural) Treg cells (18, 26-28). A minor population

of CD4" T cells can promiscuously and transiently express Foxp3, a phenomenon that has been linked to a
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population of ex-Foxp3 cells that does not represent epigenetic reprogramming of mature Treg cells (29, 30).
Conversely, some thymic emigrants referred to as potential Treg cells may harbor the Treg cell-specific CpG
hypomethylation pattern but fail to express Foxp3 (31). In adult mice, lineage-tracing studies determined that
self-renewal of mature thymus-derived Treg cells maintains the lineage even under inflammatory conditions (32).
This self-renewal model presupposes that DNA methylation patterns are passed from parent to daughter cell
during the lineage self-renewal process. Nevertheless, underlying mechanisms that regulate the stability of the

mature Treg cell pool remain unclear, particularly the role of maintenance DNA methylation in lineage stability.

The epigenetic regulator Uhrf1 (ubiquitin-like with plant homeodomain and RING finger domains 1; also known
as Np95 in mice and ICBP90 in humans) serves as a non-redundant adapter protein for Dnmt1 during S phase,
recruiting Dnmt1 to hemi-methylated DNA to ensure maintenance of CpG methylation patterns as part of multi-
protein gene-repressive complexes (33-36). Uhrf1 also regulates de novo DNA methylation via recruitment of
Dnmt3a and Dnmt3b to chromatin (37, 38). Global homozygous loss of Uhrf1 results in embryologic lethality
(34), phenocopying homozygous loss of Dnmt1 (39). Conditional loss of Uhrf1 in T cells using a Cd4-Cre driver
leads to failure of colonic Treg cell proliferation and maturation in response to commensal bacterial colonization
(40). Nevertheless, Uhrf1-deficient naive T cells generated using the Cd4-Cre system are able to suppress
experimental colitis due to TGF--mediated conversion of these cells into an induced Treg cell state (41). The
specific role of Uhrf1-mediated maintenance of DNA methylation in Foxp3* Treg cell development and stability
of suppressive function remains unknown. Because of Uhrf1’s non-redundant role in recruiting Dnmt1 to hemi-
methylated DNA, we hypothesized that constitutive Treg cell-specific Uhrf1 deficiency would phenocopy Treg
cell-specific Dnmt1 deficiency and result in failure of thymic Treg cell development. Additionally, based on
pharmacologic studies showing augmentation of Foxp3 expression and Treg cell suppressive function upon
inhibition of DNA methyltransferase activity when administered to mature cell populations, we initially
hypothesized that induction of Uhrf1 deficiency in mature Treg cells would augment their suppressive function.
Using conditional and chimeric knockout systems, we determined that Uhrf1-mediated DNA methylation is
indeed required for thymic Treg cell development. In surprising contrast with our second hypothesis, we used an
inducible conditional Uhrf1 knockout system to discover that maintenance DNA methylation at inflammatory gene

loci is essential for stabilizing the identity and suppressive function of mature Treg cells.
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Results

Treg cell-specific deletion of Uhrf1 results in a lethal inflammatory disorder. To test the necessity of maintenance
DNA methylation in Treg cell development and function, we generated Treg cell-specific Uhrf1-deficient mice by
crossing mice bearing loxP sequences at the Uhrf1 gene locus (Uhrf1"") (Supplemental Figure 1A) with mice
expressing yellow fluorescent protein (YFP) and Cre recombinase driven by the Foxp3 promoter (Foxp3"¢")
(42). Crosses of male Uhrf1""Foxp3"™-¢®Y mice with female Uhrf1""Foxp3*Y™-¢"® mice generated F1 pups in
statistically Mendelian ratios, although male Uhrf1""Foxp3Y-C®Y offspring were under-represented at the time
of genotyping (approximately 3 weeks of age) (Supplemental Figure 1B). Uhrf1""Foxp3""¢" mice appeared
normal at birth but then exhibited spontaneous mortality with a median survival of 28.5 days (Figure 1A).
Beginning at approximately 3 weeks of age, Uhrf1""Foxp3Y-¢® mice were smaller than littermate control mice
(Uhrf1""Foxp3YF¢®) and displayed scaly skin with cratering and loss of fur (Supplemental Figure 1C and
Figure 1B). Histological examination of the skin revealed infiltration of the dermis and sub-dermis by
inflammatory cells, including lymphocytes and monocytes. Similar to the skin, nearly every internal organ
exhibited a mixed cellular infiltrate consisting predominantly of lymphocytes but also monocytes and neutrophils
(Figure 1C). This striking lymphocytic infiltrate consisted of both CD4* and CD8" T cells (Figure 1D), suggesting

a lymphocytic inflammatory disorder reminiscent of the scurfy phenotype (4, 5).

Treg cell-specific Uhrf1-deficient mice showed other signs of lymphocyte-driven immune system activation,
including splenomegaly and splenic structural disarray characterized by architectural disruption and lymphoid
hyperplasia (Supplemental Figure 1, D-H). CD3e*CD4* T cells in the spleen displayed an activated profile,
exhibiting an increased frequency and total number of CD44"CD62L" effector T cells (Supplemental Figure
11). Other secondary lymphoid organs also exhibited evidence of immune system activation, including
replacement of lymph node germinal centers with a mixed cellular infiltrate and lymphocyte depletion of the
thymus, which was also atrophic (Supplemental Figure 1, J-L). To better characterize this severe inflammation,
we performed intracellular cytokine profiling of CD3e*CD4* T cells from the blood, spleen, and lung. These
measurements revealed skewing toward a T helper type 1 (Th1) profile in Uhrf1""Foxp3"F-¢" mice, exemplified
by a significant increase in the frequency of cells producing interferon-y (Figure 1E). No bacteria were identified

in the blood of 3-4-week-old mice by routine culture on LB agar. Collectively, Treg cell-specific deletion of Uhrf1
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resulted in severe Th1-skewed inflammation, lymphocytic infiltration of essential organs, thymic atrophy, and
mortality at approximately 3-4 weeks of age, suggesting insufficiency or dysfunction of Treg cells as a result of

Uhrf1 deficiency.

Uhrf1 deficiency results in failure of Treg cells to persist after Foxp3 induction in the thymus. We next examined
the CD3e*CD4*Foxp3* T cell compartment of Uhrf1""Foxp3"F7-° mice to evaluate the effect of Uhrf1 deficiency
on Treg cells. Cre-mediated excision effectively deleted Uhrf1 and revealed the expected pattern of Uhrf1
genotypes within the sorted Foxp3-YFP~ and Foxp3-YFP* populations of CD3¢*CD4" T cells from littermate
control mice (Uhrf1""Foxp3YF-°"®), confirming the Foxp3* cell-exclusive nature of the Foxp3Y¢" construct when
paired with a Uhrf1" allele (Supplemental Figure 2A). At 3-4 weeks of age, Uhrf1""Foxp3Y-°" mice exhibited
a profound deficiency of Treg cells, with Foxp3* cells constituting < 1% of CD3e*CD4* T cells in the blood, spleen,
and lung (Figure 2A). Examination of Foxp3* Treg cells marked by high expression of CD25 (IL-2Ra) as a
fraction of CD3e*CD4* T cells further highlighted the Treg cell deficiency in Uhrf1""Foxp3"F"-¢ mice (Figure
2B). Total numbers of Foxp3* Treg cells were likewise diminished in the spleen and lung, representative of
secondary lymphoid and parenchymal organs, respectively (Figure 2C).

3YFP—Cre

The Foxp construct is first expressed at sustained levels at the thymic Treg cell stage of development
(20). Accordingly, we examined the fraction of Foxp3* cells among CD4-single-positive cells in the thymus and
found that thymic Treg cells were increased in frequency among Uhrf1""Foxp3YF"°® mice (Figure 2D) and
displayed increased proliferation (Figure 2E). Nevertheless, total thymic Treg cell numbers were similar between
littermates and Uhrf1""Foxp3Y™-¢® mice (Figure 2F), likely because of the severe thymic atrophy observed
among Uhrf1"Foxp3YF-¢"® animals (see Supplemental Figure 1, J-L). This observation excludes the possibility
of thymic accumulation or trapping of Treg cells as a cause of their peripheral deficiency. To examine the
possibility that loss of Uhrf1 at the time of Foxp3 expression triggers apoptosis, we measured annexin V staining
on thymic Treg cells and found an increased frequency of annexin V* thymic Treg cells in Uhrf1""Foxp3Yr-¢re
mice compared with littermate control mice (Figure 2G). We then examined the genotype of the sorted Foxp3-
YFP- and Foxp3-YFP* populations from Uhrf1""Foxp3Y"°" mice. The Foxp3-YFP* population contained a
Uhrf1-deleted sequence, confirming Cre-mediated deletion of Uhrf1 and excluding the possibility that the small
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population of Foxp3-YFP* cells escaped Cre-mediated recombination (Supplemental Figure 2B). To our
surprise, however, the Foxp3-YFP~ population contained a minor Uhrf1-loxP signal and a dominant Uhrf1-

3YFP-Cre construct but

deleted sequence, suggesting a population of ex-Foxp3 cells that once expressed the Foxp
lost Foxp3 expression (and thus YFP* status) shortly after the thymic Foxp3* Treg cell stage of development. In
summary, loss of Uhrf1 at the thymic Treg cell stage of development resulted in failure of Treg cells to develop

into a robust population, indicating the necessity of Uhrf1 in developmental stabilization of the Treg cell lineage.

Uhrf1 deficiency leads to a cell-autonomous and inflammation-independent decrease in Treg cells without
altering Foxp3 expression. To establish that the lack of Treg cells in Treg cell-specific Uhrf1-deficient animals is
a cell-autonomous effect of Uhrf1 deficiency and not due to the profound inflammation observed in
Uhrf1"Foxp3Y-¢® mice, we generated Uhrf1 chimeric knockout animals—female mice that are homozygous
for the Uhrf1" allele and heterozygous for the X-linked Foxp3"""® allele. Following random inactivation of the X
chromosome in these mice, the Treg cell compartment contains a mix of Uhrf1-sufficient Foxp3-YFP~ and Uhrf1-
deficient Foxp3-YFP* cells. Uhrf1 chimeric knockout mice (Uhrf1"Foxp3*YF-C") displayed a significant decrease
in Foxp3-YFP* cells compared with control mice (Uhrf1**Foxp3Y-creY¥FP-Crey (Figure 3A). Consistent with the
chimeric construct, CD25 expression was distributed throughout the Foxp3-YFP- and small Foxp3-YFP*
compartments of Uhrf1 chimeric knockout animals but co-segregated with Foxp3-YFP expression in control mice
(Figure 3B). Despite the dearth of Foxp3-YFP™ cells in Uhrf1 chimeric knockout animals, average per-cell Foxp3
protein expression was similar to control mice (Supplemental Figure 3A). Uhrf1 chimeric knockout mice
appeared grossly normal, did not experience overt spontaneous inflammation, and did not display increased
spleen mass, cellularity, or frequency of CD44"CD62L" effector T cells (Supplemental Figure 3, B-D). Taken
together, these results demonstrate that Treg cell-specific Uhrf1 deficiency causes an inflammation-independent
lack of Treg cells in a cell-autonomous fashion. These data also suggest that Uhrf1-sufficient cells are able to fill

the Treg cell niche in the presence of a population of Uhrf1-deficient cells.

Foxp3* cells from Uhrf1 chimeric knockout mice exhibit downregulation of genes associated with Treg cell
suppressive function and loss of DNA methylation while preserving Foxp3 locus expression and methylation

patterning. We took advantage of the Uhrf1 chimeric knockout system to investigate inflammation-independent
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mechanisms of impaired suppressive function in Uhrf1-deficient Treg cells. Accordingly, we performed
transcriptional profiling of CD3e*CD4*CD25"Foxp3-YFP* cells isolated from control and Uhrf1 chimeric knockout
mice. RNA-sequencing followed by an unsupervised analysis revealed differential expression of 360 genes with
a false-discovery rate (FDR) g-value < 0.05 (Figure 3, C and D). Genes that were downregulated in cells from
chimeric knockout animals included those classically associated with Treg cell activation and suppressive
function: Ahr, Cd38, Cd44, Entpd1, Icos, Gata3, Nrp1, Ntbe, Pdcd1, Sema4c, and Tox2. Genes upregulated in
knockout cells included Bach2, Bcl2, Ccr2, Cd47, Eomes, Ifngr1, Ms4a4b, Satb1, Sell, Socs3, and Tob71—many
of which are associated with impaired Treg suppressive function and gain of effector T cell function. Importantly,
Foxp3 expression was not significantly affected by Uhrf1 deficiency (logz(fold-change) = 0.39, FDR g-value =
0.06). Gene Set Enrichment Analysis using a list of genes canonically associated with Treg cell identity (43)
revealed significant negative enrichment within cells from chimeric knockout mice (Supplemental Figure 4A).
We noted that cells from chimeric knockout mice upregulated genes such as Eomes and Socs3 while
downregulating Nrp1, a pattern associated with T cell exhaustion. Accordingly, we performed a simultaneous
Gene Set Enrichment Analysis using a gene set characterizing the exhausted CD4* T cell signature (44). To our
surprise, there was significant negative enrichment for the exhausted signature (Supplemental Figure 4B).
These findings in non-inflamed Uhrf1 chimeric knockout mice confirm that Uhrf1 deficiency results in loss of the
canonical Treg cell transcriptional program without significantly affecting levels of Foxp3 expression in Foxp3*

cells or inducing an exhaustion signature.

Genome-wide CpG methylation profiling with modified reduced representation bisulfite sequencing (MRRBS)
revealed a striking global hypomethylation pattern within CD3¢*CD4*CD25"Foxp3-YFP* cells from Uhrf1
chimeric knockout mice compared with control mice (Figure 3E and Supplemental Figure 4C). CpG methylation
was specifically reduced at the loci of differentially expressed genes in cells from chimeric knockout mice,
particularly at upregulated loci (Figure 3F). We next used an unsupervised procedure to define 1,335
differentially methylated regions (DMRs); these DMRs were significantly hypomethylated in cells from chimeric
knockout mice compared with control mice (Figure 3G). Gene expression was increased at loci near these
DMRs (Figure 3H), consistent with loss of Uhrf1-mediated DNA methylation leading to derepression of these

loci. Importantly, CpG methylation across Treg cell-specific super-enhancer elements and the super-enhancer
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at the Foxp3 locus, which contains the canonical Foxp3 conserved non-coding sequences (20), was unaffected
by Uhrf1 deficiency (Supplemental Figure 4, D and E). Examination of gene loci that displayed hypomethylation
and upregulation in knockout cells compared with control cells included genes associated with impaired Treg
suppressive function and gain of effector T cell function: Tob1 (45) and the promoter region of Ms4a4b (46)
(Supplemental Figure 4, F and G). Altogether, deficiency of Uhrf1 in Treg cells resulted in loss of the Treg cell
lineage-defining transcriptional signature, disruption of DNA methylation patterning, and derepression of effector

programs.

Uhrf1 is required for stability of Treg cell suppressive function. Thymus-derived Treg cells self-renew to maintain
the Treg cell lineage (32). Accordingly, we sought to understand how Treg cell-specific loss of Uhrf1 affects the
stability of both the developing and mature Treg cell pools. To that end, we generated inducible, Treg cell-
specific, Foxp3 lineage-traceable, Uhrf1-deficient mice (Figure 4A). These mice—which we refer to as iUhrf1""
mice—are homozygous for the Uhrf1" allele, an inducible Foxp3-Cre driver with a GFP label (Foxp3°C-CreERT2),
and a loxP-flanked stop codon upstream of the red florescent protein tdTomato driven by a CAG promoter at the
open ROSA26 locus (ROSA26SorcAcdTomate) \\e fed tamoxifen chow to juvenile 4-week-old iUhrf1"" mice, which
are still developing their Treg cell pool, as well as adult 8-week-old iUhrf1"" mice that have established a mature
Treg cell lineage with minimal input from thymic emigrants (32). Following tamoxifen administration, both 4- and
8-week-old iUhrf1"" mice lost weight compared with iUhrf1** control mice (Supplemental Figure 5A and Figure

1 mice. As further evidence of

4B), suggesting the onset of inflammation in both juvenile and adult iUhrf1
inflammation, both 4- and 8-week-old iUhrf1" mice developed splenomegaly after 4 weeks of tamoxifen
(Supplemental Figure 5B and Figure 4C). Similar to Uhrf1""Foxp3YF"" mice, 8-week-old iUhrf1™" mice fed
tamoxifen for 4 weeks exhibited disrupted splenic architecture with distortion of germinal centers by lymphocyte
expansion and infiltration with other inflammatory cells (Figure 4D). A histological survey of the skin and internal

organs of these iUhrf1™

mice revealed a phenotype reminiscent of the spontaneous lymphocytic inflammatory
process observed in Uhrf1""Foxp3Y-¢® mice (Figure 4E), albeit less severe, as these iUhrf1"" mice were not

approaching the moribund status that Uhrf1""Foxp3"F-°" mice displayed at 3-4 weeks of age.



1 %

Induction of Treg cell-specific Uhrf1 deficiency promotes generation of ex-Foxp3 cells in vivo. The iUhrf1"" mice

permitted tracking the Foxp3* Treg cell lineage to determine whether loss of Uhrf1 promotes generation of ex-
Foxp3 cells that would indicate loss of Foxp3* Treg cell identity. Following tamoxifen administration to iUhrf1™"
mice, cells actively expressing Foxp3 are labeled with GFP, whereas tdTomato identifies cells that have
undergone Foxp3-Cre-mediated loss of Uhrf1 irrespective of active Foxp3 expression (see Figure 4A).

TdTomato also serves as a Foxp3* cell lineage tag in both iUArf1** and iUhrf1""

mice, marking cells that have
undergone Foxp3-Cre-mediated recombination of the ROSAZ26 locus. Approximately 0.5% of splenic CD3e*CD4*
T cells expressed tdTomato in tamoxifen-naive mice; after 4 weeks of tamoxifen chow, labeling with tdTomato
was nearly complete, with only 1% of splenic CD3e*CD4" T cells expressing Foxp3-GFP but not the tdTomato
label (Supplemental Figure 5C). The tdTomato label was specific to CD3e*CD4* T cells, with < 0.25% of CD3¢~
CD4~ and CD3e*CD4- cells expressing the tdTomato label in either iUArf1™* or iUhrf1™ mice (Supplemental
Figure 5D). As reviewed in the Introduction, ex-Foxp3 cells detected in iUhrf1** mice represent transient Foxp3
induction in a minor population of CD4* T cells that does not represent epigenetic reprogramming of mature Treg
cells (29, 30). Thus, in iUhrf1™ mice, any ex-Foxp3 cells detected in excess of those observed in control mice
represent loss of Foxp3* Treg cell lineage identity.

1 firfl

Using this system, we found that both 4- and 8-week-old iUhrf1"" mice displayed a significant increase in the

proportion of ex-Foxp3 (Foxp3-GFPtdTomato*) cells as a fraction of labeled (tdTomato*) cells compared with

iUhrf1** mice (Figure 5, A and B). The ratio of ex-Foxp3 cells to Treg cells was increased among both age

1 %

groups, although 4-week-old iUhrf1"" mice had a greater increase in the ratio than 8-week-old mice (Figure 5C),

likely reflecting ongoing thymic Treg cell development at this age. Both 4- and 8-week-old mice exhibited an
increase in total ex-Foxp3 cells after 4 weeks of tamoxifen; however, only 4-week-old mice exhibited a
concomitant decrease in total Treg cells, again indicating the deleterious effect of losing Uhrf1 on developing

thymic Treg cells prior to stabilization of a robust, self-renewing Treg cell population (Figure 5D).

We previously observed that loss of Treg cell suppressive function results in slowed tumor growth (47).

1 firfl

Accordingly, we evaluated the ability of iUArf1"" mice to grow B16 melanoma tumors. Compared with iUhrf1**

fi/fl

control mice, iUhrf1" mice exhibited slowed tumor growth and the beginning of tumor regression at 3 weeks
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post-injection—the time when control mice required euthanasia due to tumor ulceration (Supplemental Figure
5E-G). Flow cytometry analysis revealed a significant increase in the frequency of ex-Foxp3 cells within the

tumors of iUhrf1"" mice, which also exhibited a paucity of Treg cells (Supplemental Figure 5H).

To determine whether Uhrf1 is necessary to induce Foxp3 expression during the generation of induced Treg
(iTreg) cells in vitro, we cultured naive CD4* T cells from iUhrf1** or iUhrf1"" mice under either ThO conditions
(conventional) or Treg cell-skewing conditions (IL-2, TGF-B, and all-trans retinoic acid) in the presence of
tamoxifen to delete Uhrf1 in iUArf1" cells and induce the tdTomato Foxp3* lineage tag in both genotypes.
Induced Foxp3 expression occurred in a similar proportion of both iUhrf1** and iUhrf1" cells (Supplemental
Figure 5, | and J), confirming that Uhrf1 is dispensable for iTreg cell generation in vitro. No clear population of
ex-Foxp3 cells emerged in culture; this observation suggests that Uhrf1 is likewise unnecessary for TGF-3-

mediated persistence of iTreg cells.

Altogether, these data reveal that Uhrf1 is required for stabilization of Treg cell identity and suppressive function
in vivo, as induced loss of Uhrf1 in Treg cells led to spontaneous inflammation and generation of ex-Foxp3 cells

in juvenile and adult mice. In contrast, Uhrf1 is not required for iTreg cell generation or persistence in vitro.

Ex-Foxp3 cells generated following loss of Uhrf1 exhibit a distinct inflammatory gene expression profile. To
define the molecular features of ex-Foxp3 cells resulting from loss of Uhrf1, we used a pulse-chase experimental
design in which 8-week-old iUhrf1** and iUhrf1"" mice received tamoxifen for 2 weeks followed by standard
chow for 4 weeks (Figure 6A). The pulse period allowed tracking of ex-Foxp3 cells; the chase period allowed
accumulation of Uhrf1-sufficient (Foxp3-GFP*tdTomato™) cells that were able to suppress the spontaneous
systemic inflammation observed in the extended pulse-only experiments (Figure 6B and Supplemental Figure
6, A-E). Of note, cell survival was similar between genotypes at the end of the 4-week chase period (see Figure
6B and Supplemental Figure 6D). Examination of the CD3e*CD4*Foxp3~ T cell compartment revealed an
increased frequency of CD44"CD62L" cells in the spleens of iUhrf1" mice, consistent with the increased

activation of ex-Foxp3 cells observed in iUhrf1""

mice as revealed by the transcriptional profiling data below.
Principal component analysis of 1,270 differentially expressed genes with an FDR g-value < 0.05 revealed
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distinct clusters based on cell type (Foxp3-GFP*tdTomato* and ex-Foxp3) and genotype (iUhrf1** and iUhrf1"")

(Figure 6C). K-means clustering of these differentially expressed genes demonstrated a Uhrf1-dependent
signature (top cluster), loss of the core Foxp3-dependent Treg gene signature among ex-Foxp3 cells of both
genotypes (middle cluster), and a group of genes significantly upregulated in the ex-Foxp3 cells of iUhrf1"" mice
(bottom cluster) (Figure 6D and Supplemental Figure 6F). The top cluster contained genes encoding the DNA
demethylases Tet1 and Tet3. The middle cluster largely reflected a Foxp3-dependent signature, although /110
was upregulated in both the Foxp3-GFP*tdTomato* and ex-Foxp3 populations of Uhrf1-deficient mice compared
with control populations. Finally, the bottom cluster contained genes associated with a Th1-skewed effector T
cell phenotype, including Gmza, Ifng, II7r, and the master regulator of the Th1 lineage, Tbx271. These
transcriptional profiles illuminate a gene expression signature characterized by increased activation and Th1

skewing of ex-Foxp3 cells generated following loss of Uhrf1.

In contrast with the extended pulse experiment shown in Figures 4 and 5, the frequency of each labeled
population was similar between iUhrf1™* and iUhrf1"" mice following the pulse-chase period (see Figure 6B and
Supplemental Figure 6D). Therefore, we used the Uhrf1-sufficient Foxp3-GFP*tdTomato™ cell population as an
internal control for the transcriptional analysis of both iUhrf1** and iUhrf1" mice. After normalizing to this Uhrf1-
sufficient cell population within each genotype, the ex-Foxp3 cells of iUArf1** mice exhibited deficiency of the
core Foxp3-dependent Treg cell signature (Figure 6E). The ex-Foxp3 cells of iUhrf1"" mice also displayed loss
of this core signature but simultaneously upregulated the expression of genes classically associated with
impaired Treg cell function and gain of conventional effector T cell function, including Tbx21, Eomes, Ms4a4b,
Tob1, and II7r in addition to evidence of activation (upregulation of Cd44 and downregulation of Sell) (Figure
6F). Consistent with the results of the Uhrf1 chimeric knockout experiments shown in Figure 3, examination of
Foxp3-GFP*tdTomato* cells from iUhrf1"" versus iUhrf1** mice with respect to previously annotated gene sets
of core Treg cell identity (43) and Treg versus conventional T cell profiles (48) revealed loss of the core Treg cell
signature and a shift toward a conventional effector T cell state (Figure 6G and Supplemental Figure 6G). Even
when comparing ex-Foxp3 cells between genotypes and normalizing to the internal Uhrf1-sufficient Foxp3-
GFP*tdTomato~ cell population, iUhrf1" mice still exhibited a greater loss of Treg cell identity and skewing
toward a conventional effector T cell state compared with iUhrf1”* mice (Figure 6H and Supplemental Figure
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6H). To further explore these findings, we executed an unsupervised Gene Set Enrichment Analysis on the
ranked gene list used to generate Figures 6G and 6H (Foxp3-GFP*tdTomato* and ex-Foxp3 cells of iUhrf1™"
versus iUhrf1** normalized to their respective Foxp3-GFP*tdTomato~ populations) against a comprehensive list
of 4,872 Immunologic Signature gene sets housed in the Molecular Signatures Database (49). These tests
revealed 226 and 256 positively-enriched gene sets for Foxp3-GFP*tdTomato™ and ex-Foxp3 cells, respectively,
at an FDR g-value < 0.25 (Supplemental Tables 1 and 2). Both analyses indicated a shift from Treg to
conventional T cell signatures, and this signal was more robust in the ex-Foxp3 cell population. The ex-Foxp3
cell analysis revealed a gene set characterizing a shift from a naive to a Th1-skewed T cell signature in the top
10 gene sets when ranked by normalized enrichment score. Collectively, these unsupervised analyses
demonstrate that loss of Uhrf1 results in generation of ex-Foxp3 cells displaying an excessively activated and

Th1-skewed inflammatory profile.

Altered DNA methylation patterns underlie the gain of inflammatory signature and loss of Treg cell signature
observed in Uhrf1-deficient ex-Foxp3 cells. We performed genome-wide CpG methylation profiling on the sorted
Foxp3-GFP*tdTomato* and ex-Foxp3 cells from iUhrf1** and iUhrf1"" mice obtained following the pulse-chase
experiment illustrated in Figure 6A. Principal component analysis of differentially methylated cytosines revealed
nominal differences between the Foxp3-GFP*tdTomato* and ex-Foxp3 cells from iUhrf1** mice but substantial
spread between the same cell types obtained from iUhrf1"" mice (Figure 7A). Similar to the findings from Uhrf1
chimeric knockout animals, Foxp3-GFP*tdTomato* cells from iUhrf1"" mice contained a global hypomethylation
pattern that was further hypomethylated in ex-Foxp3 cells (Figure 7B). In contrast, Uhrf1-sufficient ex-Foxp3
cells exhibited only a minor degree of hypomethylation relative to Foxp3-GFP*tdTomato™ cells. To explore these
differential methylation patterns in more detail, we performed an unsupervised procedure that revealed 17,249
DMRs that were within 5 kb of 8,101 gene bodies (inclusive). These putative regulatory elements did not exhibit
differential methylation between Foxp3-GFP*tdTomato* and ex-Foxp3 cells from iUhrf1** mice; however, both

cell types were hypomethylated in iUhrf1™

mice, which displayed further reductions in methylation within ex-
Foxp3 compared with Foxp3-GFP*tdTomato® cells (Figure 7C). These DMRs were located near 642 differentially

expressed genes (a majority of 1,270), a finding that was unlikely due to chance alone (Figure 7D).

13



We next examined DMRs found near differentially expressed genes and selected those regions with greater than
25% difference between any groups. Functional enrichment analysis of these regions using the Genomic
Regions Enrichment of Annotations Tool (GREAT) (50) and the Mouse Genome Informatics Phenotype ontology
(51) revealed significant enrichment in phenotypes that are characterized by abnormal adaptive immunity and
dysregulated T cell development and physiology (Supplemental Figure 7, A and B). We then averaged the
methylation level of DMRs associated with unique genes and defined three k-means clusters (Figure 7E); the
cluster structure mirrored the k-means transcriptional analysis in Figure 6D. Inspection of the three clusters
revealed a large hypomethylated cluster peculiar to Uhrf1-deficient ex-Foxp3 cells that contained the master
regulator of the Th1 lineage, Tbx21. Indeed, the DMR(s) associated with Tbx271 and other inflammatory genes
were hypomethylated in Uhrf1-deficient but not Uhrf1-sufficient ex-Foxp3 cells (Figure 7, F-H and Supplemental
Figure 7C). Interestingly, DMRs near core Treg cell signature genes, including Foxp3, became methylated in
Uhrf1-deficient but not Uhrf1-sufficient ex-Foxp3 cells (Supplemental Figure 7D). Because the primary
mechanistic effect of Uhrf1 loss is hypomethylation, the observed hypermmethylation of Treg cell signature genes
appears to represent a secondary effect of derepressing the inflammatory program. Compared with the other
populations, methylation across Treg-SE was greatest within the ex-Foxp3 cells of iUhrf1** mice, likely reflecting
their developmental origin as unstable Foxp3* or potential Treg cells that transiently expressed Foxp3 after
thymic emigration (31) (Figure 71). Altogether, genome-wide DNA methylation profiling and an unsupervised
analytic approach revealed alterations in DNA methylation patterning that explained the transcriptional and

phenotypic reprogramming that results from loss of Uhrf1.

Collectively, our findings demonstrate that Foxp3® Treg cells require Uhrf1-mediated maintenance of DNA

methylation at inflammatory gene loci for their development and functional stability (Supplemental Figure 7E).
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Discussion

Regulatory T cells develop from the complex interplay of frans- and cis-regulatory mechanisms and are
maintained as a stable, self-renewing population (18, 20, 28, 29, 32). Here, we determined that Treg cells require
maintenance DNA methylation mediated by the epigenetic regulator Uhrf1 for establishment of the Foxp3* Treg
cell lineage as well as stability of Treg cell identity and suppressive function. Loss of Uhrf1 at the Foxp3* stage
of thymic Treg cell development resulted in Treg cell deficiency, leading to a scurfy-like lethal inflammatory
disorder. Studies using non-inflamed Uhrf1 chimeric knockout animals revealed the cell-autonomous and Foxp3-
independent requirement for Uhrf1-mediated DNA methylation in stabilizing the lineage by repressing effector T
cell transcriptional programs. Induced deficiency of Uhrf1 in mature Treg cells was sufficient to derepress loci
encoding inflammatory genes, resulting in loss of Treg cell identity and suppressive function, generation of
inflammatory ex-Foxp3 cells, and spontaneous inflammation. Taken together, these results demonstrate the
necessity of maintenance DNA methylation in stabilizing Treg cell identity and suppressive function during both
development and self-renewal of the lineage in vivo. Our findings change the existing model of DNA
hypomethylation as the dominant feature of the Treg cell epigenome by demonstrating an essential role for

methylation-mediated silencing of effector programs in the development and stability of the Treg cell lineage.

We found that Uhrf1 serves as an essential regulator that is required to maintain DNA methylation at defined
genomic loci during both Treg cell development and self-renewal. Unlike Uhrf1""Cd4°® mice with pan-T cell
Uhrf1 deficiency that develop inflammation localized to the colon (40), Uhrf1"Foxp3°® mice in our study
spontaneously developed widespread inflammation (the scurfy phenotype), indicating a fundamental role for
Uhrf1-mediated maintenance of DNA methylation in stabilizing Treg cell identity after Foxp3 induction in the
thymus. These findings suggest that Uhrf1 is required to maintain a specific DNA methylation landscape in pre-
Treg (pre-Foxp3) thymocytes that differs from the landscape required after induction of thymic Foxp3 expression.
In vitro, we found that Uhrf1 is dispensable for induction of Foxp3 expression and TGF-B-mediated persistence
of iTreg cells, consistent with literature demonstrating that unlike thymic (natural) Treg cells, alterations in DNA
methylation are not necessary for iTreg cell generation (27, 28). Interestingly, the phenotype of Uhrf1-deficient
Foxp3* thymic cells resembled a described population of short-lived effector Treg cells that lack CD25 and exhibit
increased proliferative capacity and annexin V positivity (52, 53). Following thymic emigration, the Treg cell
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lineage is remarkably stable with self-renewal across the lifespan (32). Indeed, the ex-Foxp3 cells that we
observed in adult control animals did not display an inflammatory gene expression profile but did exhibit
increased super-enhancer methylation compared with Treg cells, reflecting their developmental origin as either
unstable Foxp3* cells or potential Treg cells as defined by Ohkura et al (31). In contrast, the increased number
of ex-Foxp3 cells generated following sustained loss of Uhrf1 expressed a Th1-like profile, confirming
destabilization of the Treg cell lineage upon loss of maintenance DNA methylation. Data from our pulse-chase
experiments revealed similar Treg cell frequencies in the spleen 4 weeks following induced loss of Uhrf1.
Collectively, these results support that loss of maintenance DNA methylation causes Treg cell-intrinsic
dysregulation of gene expression and subsequent loss of stability—rather than impaired cell survival—to result

in immunopathology.

We propose a model in which Treg cells require maintenance of DNA methylation at inflammatory gene loci for
their development and stability (see Supplemental Figure 7E). In our model loss of these marks results in
derepression of inflammatory genes, including Tbx21. A secondary wave of methylation then represses core
Treg cell loci, including Foxp3, to generate inflammatory ex-Foxp3 cells that contribute to spontaneous
inflammation and tumor rejection. The genome-wide transcriptional and DNA methylation profiles of Uhrf1-
deficient ex-Foxp3 cells support this mechanism, with hypomethylation of the Thx271 locus and secondary
methylation of the Foxp3 locus. How gain of the effector program results in silencing of Foxp3 and other Treg
cell-defining loci remains an open question. Our data support the speculation that methylation-mediated silencing
of TET enzyme expression in Uhrf1-deficient ex-Foxp3 cells contributes to gain of methylation at core Treg cell
loci, ultimately downregulating their expression (54). Thus, the function of maintenance DNA methylation in Treg

cells is to prevent the adoption of an inflammatory program that results in loss of Foxp3 expression.

Our results inform the rational design of DNA methylating or demethylating agents for the purpose of
immunomodulatory therapy (16). Numerous lines of evidence demonstrate that pharmacologic inhibition of DNA
methyltransferase activity induces Foxp3 expression in CD4* T cells and promotes Treg cell suppressive function
in adult mice that, by definition, harbor mature T cell populations (21-23, 55-57). Based on these studies, we

initially hypothesized that loss of Uhrf1 in adult mice would promote mature Treg cell generation and augment
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their suppressive function. Nevertheless, our results show that adult mice with induced loss of Uhrf1
spontaneously develop widespread inflammation reminiscent of the developmental phenotype observed in the
constitutive conditional knockout animals, scurfy mice, and humans with the autoimmune IPEX syndrome.
Indeed, missense variants of UHRF1BP (Uhrf1 binding protein) are associated with the development of systemic
lupus erythematosus (58), and epigenomic region variants within Treg cells are linked to autoimmunity (59).
Thus, our results suggest caution when applying pharmacologic approaches to epigenetic modification in

immune-dysregulated conditions such as autoimmune and malignant disorders.

Collectively, our findings reveal that Foxp3* Treg cells require maintenance DNA methylation mediated by the
epigenetic regulator Uhrf1 for both development and stability of the lineage. Loss of Uhrf1-mediated DNA
methylation during both development and self-renewal is sufficient to disrupt the lineage, generate inflammatory
ex-Foxp3 cells, and cause inflammatory pathology. Because of the powerful role that DNA methylation
programming plays in determining the stability of the Treg cell lineage, pharmacologic stabilization or disruption
of the DNA methylation maintenance function of Uhrf1 could be explored to address inflammatory or malignant

disorders, respectively.
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Methods

Mice. C57BL/6 Uhrf1"" mice, which harbor loxP sequences flanking exon 4 (ENSMUSE00000139530) of the
Uhrf1 gene (ENSMUSG00000001228), were a kind gift from the laboratory of Srinivasan Yegnasubramanian,
MD, PhD (Johns Hopkins University, Baltimore, MD). Foxp3"¢" (stock no. 016959), Foxp3°¢F-CeERT2 (stock
no. 016961), and ROSA26SorcA¢dTomato (Aj14, stock no. 007908) mice were obtained from The Jackson
Laboratory. All animals were genotyped using services provided by Transnetyx, Inc. with primers provided by
The Jackson Laboratory or reported below. Experimental randomization and blinding were not performed due to
obvious external phenotype; however, littermate controls were used whenever possible. Animals received water
ad libitum, were housed at a temperature range of 20-23 °C under 14/10-hour light/dark cycles, and received
standard rodent chow except for animals that received chow containing tamoxifen (Envigo, 500 mg/kg of chow

= daily dose of 40-80 mg/kg) as noted.

Tissue and cell preparation. Organs were prepared for histological assessment with sectioning and hematoxylin
and eosin staining as previously described (21, 47). For preparation of colonic tissue for flow cytometry, colons
were collected from mice, flushed with 10 mL ice-cold PBS, and washed twice with room-temperature HBSS
plus 2% fetal bovine serum (FBS). Colons were then cut into 1-cm pieces, placed in a 50-mL conical tube
containing 10 mL room-temperature HBSS, 2% FBS, and 2 mM EDTA, and incubated for 15 minutes at 37 °C
with rotation. Supernatant was discarded and the colon was washed twice with HBSS, cut into 2-mm pieces,
placed in 10 mL of pre-warmed RPMI plus 10% FBS, 1.5 mg/mL Collagenase D (Roche 11088866001), and
0.05 mg/mL Collagenase V (Sigma C9263) and incubated for 40 minutes with rotation. Digested colons were
filtered through a 40-pm strainer into 10 mL of MACS buffer (Miltenyi 130-091-221), centrifuged for 10 minutes
at 1,500 RPM, and resuspended in MACS buffer. Histological evaluations were performed in consultation with a
veterinary pathologist through core services provided by the Northwestern University Mouse Histology and

Phenotyping Laboratory.

Flow cytometry analysis and sorting. Single-cell suspensions of visceral organs, blood, tumors, or cultured cells
were prepared and stained for flow cytometry analysis and sorting as previously described (21, 47, 60-62) using
the reagents and cytometer setup shown in Supplemental Table 3. Cell counts of single-cell suspensions were
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obtained using a hemocytometer with trypan blue exclusion or a Cellometer with AO/PI staining (Nexcelom
Bioscience) before preparation for flow cytometry. Data acquisition for analysis was performed using a BD
LSRFortessa or Symphony A5 instrument with FACSDiva software (BD). Cell sorting was performed using the
4-way purity setting on BD FACSAria SORP instruments with FACSDiva software. Fluorescence-minus-one
controls were used. Analysis was performed with FlowJo v10.6.1 software. Dead cells were excluded using a

viability dye for analysis and sorting.

Cytokine measurements. Following lysis of erythrocytes, single-cell suspensions of spleen and lung tissue and
blood at a concentration of 5 x 10° cells/mL were treated with RPMI plus 5 uyL/mL Leukocyte Activation Cocktail
with GolgiPlug (BD) or RMPI only and incubated for 4 hours at 37 °C. After incubation, cells were spun down,
washed, and resuspended in a viability dye (Fixable Viability Dye eFluor 506, eBioscience) for 30 minutes at 4
°C and fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Cells
were then stained with an antibody cocktail (Fc Block, Foxp3-PE-Cy7, CD4-PerCP-Cy5.5, IL-17A-PE, IFN-y-PE-
CF594, IL-4-APC; see Supplemental Table 3 for details) for 30 minutes at room temperature, washed, and

resuspended in PBS with 0.5% bovine serum albumin (BSA) before flow cytometry analysis as above.

Annexin staining. Single-cell suspensions were incubated with a UV-excitable viability dye (Molecular Probes)
followed by surface staining as above and previously described (21, 47, 60, 61). Cells were then washed and
resuspended in annexin-binding buffer (10 mM HEPES, 140 mM NaCl, and 2.4 mM CaCly; pH 7.4) at a
concentration of 1 x 10° cells/mL. 5 yL Annexin V Pacific Blue conjugate (Invitrogen) per 100 uL of cell
suspension was then added and incubated for 15 minutes at room temperature and then washed with annexin-

binding buffer before resuspension in PBS with 0.5% BSA for flow cytometry analysis as above.

B16 melanoma model. 100,000 B16-F10 cells (ATCC CRL-6475) were subcutaneously injected into the hair-
trimmed flank of 8-12-week-old mice. All cells were determined to be free of Mycoplasma contamination before
injection. Tumor progression was measured as previously described (47). A subset of tumors was resected post-

mortem for photographic and flow cytometry analysis.
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In vitro Treg conversion assay. Splenic naive CD4* T cells from iUhrf1** and iUhrf1"" mice were isolated using
the EasySep™ Mouse Naive CD4* T Cell Isolation Kit (Stemcell Technologies) and resuspended at a
concentration of 2 x 108 cells/mL in RPMI with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 100 uM MEM Non-Essential Amino Acid Solution, 50 uM B-mercaptoethanol, and 2,000 U/mL IL-2.
Cells were then plated in flat-bottom 96-well plates at a concentration of 1 x 10° cells per well with CD3- and
CD28-coated beads (Treg Expansion Kit, Miltenyi) at a bead-to-cell ratio of 3:1 and 5 uM (Z)-4-hydroxytamoxifen
(Sigma H7904); some wells also contained ImmunoCult™ Mouse Treg Differentiation Supplement per the
manufacturer’'s recommendations (Stemcell Technologies). Cells were incubated for 3 days to permit iTreg cell
generation. After incubation, cells were spun down, washed, and resuspended in a viability dye (Fixable Viability
Dye eFluor 506, eBioscience) for 30 minutes at 4 °C. Cells were then stained with Fc Block and CD4-APC-
eFluor780 for 20 minutes at 4 °C, washed, and resuspended in PBS with 0.5% BSA before flow cytometry

analysis as above.

Uhrf1 PCR. DNA was extracted from sorted cells using the Qiagen AllPrep DNA/RNA Micro Kit and quantified
using a Qubit 3.0 fluorometer. PCR was performed using the following primers (IDT, standard desalting): Forward
(F) CTTGATCTGTGCCCTGCAT, Reverse 1 (R1) ACCTCTGCTCTGATGGCTGT, and Reverse 2 (R2)
CCGAGGACACTCAAGAGAGC. As shown in Supplemental Figure 1A, the F and R1 primers flank the 5’ loxP
site and produce a 198-bp band in WT mice and a 398-bp band in conditional (floxed) mice. The R2 primer sits
downstream of the 3’ loxP site, resulting in a 247-bp band in cells that have undergone Cre-mediated excision
of the floxed sequence. 0.1 ng of template DNA was combined with 10 L iQ supermix (Bio-Rad) and 2 uL each
of 20 yM F primer, 10 yM R1 primer, and 10 yM R2 primer in a total reaction volume of 20 uL. A C1000 Touch
Thermal Cycler (Bio-Rad) was programmed for 1 minute at 95 °C; then 15 seconds at 95 °C, 15 seconds at 65
°C, and 30 seconds at 72 °C for 35 cycles; and ending with 7 minutes at 72 °C. 20 uL of PCR product was
combined with 32 uL of Magbio High-Prep PCR beads (1.6X clean-up). After a 5 minute incubation, the tubes
were placed on a magnet until the solution cleared. The supernatant was removed, the beads were washed
twice with 80% ethanol, and the product was eluted in 20 yL water. The cleaned PCR product was run on an
Agilent TapeStation 4200 using High Sensitivity D1000 ScreenTape and visualized using TapeStation Analysis
Software A.02.01 SR1.
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RNA-sequencing. Nucleic acid isolation, fragmentation, adapter ligation, and indexing were performed as
previously described using the Qiagen AllPrep DNA/RNA Micro Kit and the SMARTer Stranded Total RNA-Seq
Kit v2 (Takara) (47, 63). Sequencing was performed on an lllumina NextSeq 500 instrument, employing single-
end sequencing with the NextSeq 500/550 V2 High Output reagent kit (1 x 75 cycles), and targeting a read depth
of at least 10 x 10° aligned reads per sample. Indexed samples were demultiplexed to fastq files with
BCL2FASTQ v2.17.1.14, trimmed using Trimmomatic v0.38 (to remove end nucleotides with a phred score less
than 30 while requiring a minimum length of 20 bp), and aligned to the mm10 (GRCm38) reference genome
using TopHat v.2.1.0 (47). Counts data for uniquely mapped reads over exons were obtained using SeqMonk
v1.45.4 and filtered to protein-coding genes and genes with at least 1 count per million in at least 2 samples.
Differential gene expression analysis was performed with the edgeR v3.24.3 R/Bioconductor package using R
v3.5.1 and RStudio v1.1.447 as stated in the text and individual figure legends and as described previously (61,
64, 65). K-means clustering and heat maps were generated using the Morpheus web interface

(https://software.broadinstitute.org/morpheus/). Gene Set Enrichment Analysis was performed using the GSEA

v4.0.3 GSEAPreranked tool (66) with genes ordered by logz(fold-change) in average expression against cited
gene sets or the Immunologic Signature gene sets housed in the Molecular Signatures Database of the Broad

Institute (49).

Modified reduced representation bisulfite sequencing. Genomic DNA was subjected to mMRRBS as previously
described (47, 61, 65, 67-70). Bisulfite conversion efficiency averaged 99.52% + 0.052% (SD) as estimated by
the measured frequency of unmethylated CpGs in A-bacteriophage DNA (New England BioLabs, #N3013S)
added at a 1:200 mass ratio to each sample. Processing and analysis were conducted as previously described
using Trim Galore! v0.4.3, Bismark v0.16.3, the DSS v2.30.1 R/Bioconductor package, and quantified with the
SegMonk platform with the bisulphite feature methylation pipeline, all using the mm10 (GRCm38) reference
genome. Well-observed CpGs were defined as in reference (70). Multi-group comparisons at the single-CpG
level were performed using a beta-binomial regression model with an arcsine link function fitted using the
generalized least square method and Wald-test FDR g-value < 0.05. Differentially methylated regions (DMR)
were defined using the callDMR function within the DSS R/Bioconductor package using a p-value threshold of
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0.05, a minimum length of 50 bp, a minimum significant CpG count of 2, merging DMR within 100 bp, and
requiring 50% of the CpGs within a DMR to meet the significance threshold without a pre-defined methylation
difference (delta). Functional enrichment analysis was performed using the GREAT tool (50) and the Mouse
Genome Informatics Phenotype ontology (51) with the basal+extension association rule (constitutive 5 kb
upstream and 1 kb downstream, up to 1,000 kb max extension) against the whole genome as background.
Metagene analysis was performed using SeqMonk’s quantitation trend plot function across Treg cell-specific

super-enhancer elements (20) after liftover of coordinates from the mm9 to the mm10 reference genome (67).

Statistics. p-values and g-values resulting from two-tailed tests were calculated using statistical tests stated in
the figure legends using GraphPad Prism v8.3.0 or R v3.5.1. Exact values are reported unless specified.
Kolmogorov-Smirnov testing was performed using the base R ks.test function, which cannot return an exact p-
value in the presence of ties and instead returns an asymptotic p-value. A p-value or g-value < 0.05 was
considered significant. Central tendency and error are displayed as mean * standard deviation (SD) except as
noted. Violin plots show median and quartiles. Numbers of biological and technical replicates are stated in the
figures or accompanying legends. Histological and gel images are representative of at least two independent
experiments. For next-generation sequencing experiments, indicated sample sizes were chosen to obtain a
minimum of 10® unique CpGs per biological replicate as modeled using the DSS statistical procedures (47, 61,
67-70). Computational analysis was performed using Genomics Nodes and Analytics Nodes on Quest,

Northwestern University’s High-Performance Computing Cluster.

Data availability. The raw and processed next-generation sequencing data sets are available from the GEO

database (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE143974. Individual data points and

detailed results of statistical tests are available in Source Data.

Code availability. Code used for RNA-seq processing is available from https://github.com/ebartom/NGSbartom.

Code used for mRRBS processing is available in the supplement to reference (70).

22


https://www.ncbi.nlm.nih.gov/geo/
https://github.com/ebartom/NGSbartom

Study approval. All animal experiments and procedures were conducted in accordance with the standards
established by the United States Animal Welfare Act set forth in National Institutes of Health guidelines and were
approved by the Institutional Animal Care and Use Committee (IACUC) at Northwestern University under

protocol number 1S00001624.
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Figure 1. Treg cell-specific Uhrf1-deficient mice spontaneously develop a fatal inflammatory disorder. (A)
Survival curves of littermate control (Uhrf1*"Foxp3YF¢, n = 9) and Uhrf1""Foxp3"F-¢"® (n = 14) mice compared
using the log-rank (Mantel-Cox) test. (B) Gross photographs of 3-4-week-old littermate and Uhrf1""Foxp3YF-cre
mice along with photomicrographs of skin. Scale bar represents 100 um. (C) Photomicrographic survey of organ
pathology. Scale bar represents 100 um. (D) CD3¢* T cell subsets in selected organs. For lung, n = 5 (littermate)
and 10 (Uhrf1" Foxp3YFF-Cr): for liver, n = 6 (littermate) and 4 (Uhrf1""Foxp3Y-¢"®); for kidney, n = 6 (littermate)
and 4 (Uhrf1"Foxp3Y-¢"); for colon, n = 3 (littermate and Uhrf1""Foxp3Y°"). (E) Cytokine profile of splenic
CD3e*CD4* T cells following ex vivo stimulation with phorbol 12-myristate 13-acetate and ionomycin for 4 hours
in the presence of brefeldin A. Representative contour plots and summary data are shown. n = 5 per group.
Summary plots show all data points with mean and standard deviation. * g < 0.05, ** ¢ < 0.01, + ¢ <0.001, £ q
< 0.0001, n.s. not significant by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with
Q = 5%; exact g-values are in Source Data. See Supplemental Table 3 for fluorochrome abbreviations.
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Figure 2. Treg cells are reduced in the periphery of 3-4-week-old Treg cell-specific Uhrf1-deficient mice. (A)
Foxp3* cells as a frequency of CD3¢*CD4" cells in blood, spleen, and lung shown as representative flow
cytometry contour plots. (B) CD25"Foxp3* cells expressed as a percentage of CD3e*CD4* cells for blood,
spleen, and lung. For blood, n = 3 (Uhrf1""Foxp3YF " littermate) and 7 (Uhrf1""Foxp3YF-C"); for spleen, n = 5
(littermate) and 9 (Uhrf1"Foxp3FF-¢"¢); for lung, n = 6 (littermate) and 10 (Uhrf1""Foxp3"F7"®). (C) Total spleen
and lung CD3¢*CD4*Foxp3* cells. For spleen, n = 5 (littermate) and 8 (Uhrf1""Foxp3"F"¢"); for lung, n = 5
(littermate) and 10 (Uhrf1"Foxp3Y-¢®). (D) Thymic Foxp3* cell frequency. Representative flow cytometry
contour plots of CD4-single-positive (SP) thymocytes from litermate and Uhrf1""Foxp3Y"-¢" mice. Foxp3* cells
are shown as a percentage of the CD4SP population. n = 5 (littermate) and 7 (Uhrf1""Foxp3" "), (E)
Proliferating (Ki67*) cells as a percentage of CD4SP Foxp3* thymocytes. n = 5 (littermate) and 7
(Uhrf1"Foxp3YFC). (F) Total thymic Treg cells. n = 5 (littermate) and 7 (Uhrf1""Foxp3"-¢"). (G) Apoptotic
(annexin V*) cells as a percentage of CD4SP Foxp3* thymocytes. n = 7 (littermate) and 6 (Uhrf1""Foxp3YFF-cr).
Summary plots show all data points with mean and standard deviation. * p < 0.05, ** p < 0.01, 1 q or p < 0.001,
T g < 0.0001, n.s. not significant by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli
with Q = 5% (B) or Mann-Whitney test (C-G); exact g- and p-values are in Source Data. FSC-A, forward scatter
area; see Supplemental Table 3 for fluorochrome abbreviations.
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Figure 3
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Figure 3. Treg cell-specific Uhrf1 chimeric knockout mice reveal the Treg cell-autonomous and inflammation-
independent effects of Uhrf1 deficiency. (A) Representative contour plots and quantification showing Foxp3-
YFP* cells as a frequency of splenic CD3¢*CD4" cells from 8-week-old female Uhrf1**Foxp3""-ce/YFF-Cre (control)
and Uhrf1""Foxp3*YFF-C" (chimeric) mice (schematic). (B) CD25 heat map overlaid on populations shown in (A);
the associated graph quantifies CD25" cells as a percentage of splenic CD3¢*CD4* cells. (C) MA plot comparing
gene expression of splenic CD3e*CD4*CD25"Foxp3-YFP* cells from control mice (Uhrf1-sufficient cells) and
Uhrf1 chimeric knockout mice (Uhrf1-deficient cells). (D) K-means clustering of differentially expressed genes
scaled as z-score across rows. (E) Cumulative distribution function plot of 1.4 x 10° well-observed CpGs
expressed as beta scores with 0 representing unmethylated and 1 representing fully methylated; a shift in the
cumulative distribution function up and to the left represents relative hypomethylation. (F) CpG methylation at
the loci of differentially expressed genes (defined as the gene body + 2 kb). (G) CpG methylation at 1,335
differentially methylated regions. (H) Average gene expression at 567 gene loci near differentially methylated
regions. n = 5 (control) and 12 (chimera) for (A) and (B) and 4 mice per group for (C-H). Summary plots show all
data points with mean and standard deviation; violin plots show median and quartiles. * g < 0.05, ** ¢ < 0.01, t
p <0.001, ¥ g or p <0.0001, n.s. not significant by Mann-Whitney test (A and B), a mixed-effects analysis with
the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q = 5% (F), or Kolmogorov-
Smirnov test for cumulative distributions (G and H); exact or asymptotic p- and g-values are in Source Data. The
asymptotic p-value resulting from a Kolmogorov-Smirnov test for cumulative distributions is shown in (E). See
Supplemental Table 3 for fluorochrome abbreviations.
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Figure 4
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Figure 4. Induced loss of Uhrf1 in Treg cells results in spontaneous inflammation. (A) Schematic of experimental
design. (B) Body mass curves for iUhrf1™* and iUhrf1"" mice initiated on tamoxifen chow at 8 weeks of age. n =
4 (iUhrf1**) and 14 (iUhrf1™). (C) Spleen masses for iUhrf1** and iUhrf1"" mice initiated on tamoxifen at 8 weeks
of age. n = 4 (iUhrf1**) and 8 (iUhrf1""). (D) Photomicrographs of spleen pathology from 8-week-old mice after
4 weeks of tamoxifen. Scale bar represents 100 um. (E) Photomicrographic survey of organ pathology from 8-
week-old mice after 4 weeks of tamoxifen. Scale bar represents 100 ym. ** p < 0.01, + p < 0.001, 1 p < 0.0001
by two-way ANOVA with Sidak’s post-hoc testing for multiple comparisons (B) or Mann-Whitney test (C); exact

p-values are in Source Data. For the comparison between genotypes in (B), F(DFn, DFd) = F(1, 42) = 51.4 with
p <0.0001.
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Figure 5
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Figure 5. Induced loss of Uhrf1 in Treg cells results in generation of ex-Foxp3 cells. (A) Representative flow
cytometry contour plots gated on splenic CD3e*CD4*tdTomato* cells showing the percentage of ex-Foxp3
(Foxp3-GFP-) and Treg (Foxp3-GFP*) cells after 4 weeks of tamoxifen started at either 4 or 8 weeks of age. (B)
Summary data of the percentage of ex-Foxp3 and Treg cells within the tdTomato* population for the experiments
shown in (A). (C) Ratio of ex-Foxp3 to Treg cells after 4 weeks of tamoxifen started at either 4 or 8 weeks of
age. For mice started on tamoxifen at 4 weeks of age, n = 5 (iUhrf1**) and 18 (iUhrf1""); for mice started on
tamoxifen at 8 weeks of age, n = 4 (iUhrf1™*) and 8 (iUhrf1™"). (D) Total cell numbers of ex-Foxp3 and Treg cells.
For mice started on tamoxifen at 4 weeks of age, n = 5 (iUhrf1**) and 7 (iUhrf1"; for mice started on tamoxifen
at 8 weeks of age, n =4 (iUhrf1**) and 7 (iUhrf1""). * g < 0.05, ** por ¢ < 0.01, T p or g < 0.001, n.s. not significant
by Mann-Whitney test (C), or the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q
= 5% (B and D); exact p- and g-values are in Source Data.
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Figure 6
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Figure 6. Induction of Uhrf1 deficiency generates ex-Foxp3 cells with distinct inflammatory transcriptional
programs. (A) Schematic of the pulse-chase experimental design. (B) Representative contour plots of splenic
live CD3e*CD4" cell subsets (see Supplemental Figure 6D for summary data). (C) Principal component analysis
of 1,270 differentially expressed genes identified from a generalized linear model and ANOVA-like testing with
FDR g-value < 0.05. Ellipses represent normal contour lines with one standard deviation probability. (D) K-means
clustering of 1,270 genes with an FDR g-value < 0.05 comparing the cell populations from (C) scaled as z-score
across rows. (E and F) Fold-change-fold-change plots for iUArf1** (E) and iUhrf1™ (F) mice of Foxp3-
GFP*tdTomato* versus Foxp3-GFP*tdTomato™ and ex-Foxp3 versus Foxp3-GFP*tdTomato™ highlighting genes
exhibiting an increase (q < 0.05) in Foxp3-GFP*tdTomato* versus ex-Foxp3 (blue dots) and ex-Foxp3 versus
Foxp3-GFP*tdTomato* (pink dots). Numbers of differentially expressed genes are indicated. (G) Cumulative
distribution function plots comparing the Foxp3-GFP*tdTomato* cells from iUhrf1** versus iUhrf1™ mice with
each population normalized to the Foxp3-GFP*tdTomato™ population sorted from their respective genotype. The
cumulative proportion of all genes (black), a Treg cell-defining gene set (43) (orange), and the
GSE22045 TREG_VS TCONV_UP gene set (48) (red) are shown. (H) Cumulative distribution function plots as
in (G) comparing the ex-Foxp3 cells from iUArf1** versus iUArf1"" mice. n = 5 (iUhrf1**) and 6 (iUhrf1™). The p-
values resulting from Kolmogorov-Smirnov tests for cumulative distributions comparing all genes against either
gene set are shown in (G and H).
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Figure 7
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Figure 7. Altered DNA methylation patterns explain the transcriptional reprogramming of Uhrf1-deficient Treg
and ex-Foxp3 cells. (A) Principal component analysis of 202,525 differentially methylated CpGs with an FDR g-
value < 0.05. Ellipses represent normal contour lines with one standard deviation probability. (B) Cumulative
distribution function plot of differentially methylated CpGs. (C) CpG methylation at 17,249 differentially
methylated regions (DMRs) within 5 kb of gene bodies (inclusive). (D) Venn diagram of genes associated with a
DMR and differentially expressed genes. (E) K-means clustering of 545 DMRs with a difference > 25% between
any groups and an FDR g-value < 0.05 that were grouped and then averaged by unique gene association. Beta
scores are scaled across rows. (F and G) Scatter plots comparing DMRs within Foxp3-GFP*tdTomato* cells
versus ex-Foxp3 cells from iUhrf1** mice (F) and iUhrf1™ mice (G). Interior axis ticks (rug plots) represent
positions of DMRs on each axis. Colored points represent > 25% difference between ex-Foxp3 cells (pink) and
Foxp3-GFP*tdTomato* cells (blue) with the number of DMRs in each such subset shown. (H) Difference-
difference plot comparing the difference in DMR methylation status between ex-Foxp3 and Foxp3-
GFP*tdTomato* cells in iUhrf1™* mice and iUhrf1"" mice. Colored points represent > 25% difference between
iUhrf1™* mice (green) and iUArf1™ mice (purple) with the number of DMRs in each such subset shown. (1)
Metagene analysis of CpG methylation across the start (S) through the end (E) of Treg cell-specific super-
enhancer elements (Treg-SE) as defined in reference (20). Violin plots show median and quartiles. n = 4 mice
per cell type for both genotypes. A hypergeometric p-value is shown in (D). ¥ g < 0.0001, n.s. not significant by
a mixed-effects analysis with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q
= 5% (C); exact g-values are in Source Data.
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